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1. INTRODUCTION
Among the principal concerns in neutrino physics today are the questions
of whether neutrinos are massive and, if so, whether the neutrinos emitted in
a weak decay are pure or mixed quantum states. The concept of .mixed
neutrinos has been with us for more than 20 years, having first been
introduced by Maki et al (1) and by Pontecorvo (2) following 
demonstration in 1962 that more than one type (flavor) of neutrino existed.
After having been dormant for some time, the interest in these issues was
reborn in recent years with the advent of grand unified theories, which
predict nonvanishing neutrino mass and which can accommodate neutrino
125
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126 BOEHM & VOGEL
mixing, in a natural way. Controversial experiments also refueled the
excitment (and consternation) of researchers :in this endeavor.
The field was reviewed by Bilenky & ]?ontecorvo (3) in 1978, 
Frampton& Vogel (4) in 1982, and by-Bullock & Devenish(5) in 1983:Here
we focus on recent developments in the phenomenology of low-’energy
neutrino physics to the extent that it provides information on neutrino
mass and mixing. We discuss neutrino decay, experiments on neutrino
oscillations, kinematic mass measurements, searches for heavy neutrino
admixtures, and studies of neutrinoless double beta decay. Subjects not
discussed are accelerator-based (high-energy) experiments, neutrino-
electron scattering, and certain other lepton-number-violating processes.
1.1 Motivation and Back#round
In the standard minimal electroweak theory, neutrinos are purely left-
handed and massless and their three distinct lepton numbers (electron,
muon, tau) are conserved. Therefore observation of a neutrino mass and of
neutrino mixing would signal new physics beyond the minimal standard
model.
Numerous theoretical proposals incorporating finite neutrino mass l~ave
been presented. At the electroweak level a neutrino mass can be introduced
by extension of the minimal model (6-8), but it is often difficult to explain
why neutrinos are so much lighter than the other fermions. Grand unified
theories, based on various larger symmetry’ groups, can accommodate
small neutrino masses in the range of 10-6-10 + 1 eV (9-11). Scaling of the
neutrino mass is often expected (the tau neutrino is the heaviest and the
electron neutrino the lightest); the masses are then proportional to the first
or second power of the corresponding charged-lepton (or quark) masses.
Neutrino mass in the eV range has dramatic cosmological and astro-
physical ramifications. Based on the univer:sally accepted hot big bang
model, one predicts, in analogy with the 3-K microwave background, a
background for each light (mv < 1 MeV) stable neutrino, with the number
density of nv+n~ 110 cm a. In that case there are about 101° times as
many neutrinos as baryons, and rieutrinos heavier than about 1 eV could
dominate the total mass of the universe. From observation of the present
expansion rate of the universe, one obtains an upper limit for the total
average mass density that translates into the condition ~ rnv < 200 eV (see,
for example, 12), where the summation is over all flavors of light stable
neutrinos. The only assumption used in deriving this upper limit is that the
cosmological constant vanishes (13).
Massive neutrinos could become gravitationally bound to galaxies or
galactic clusters. In that case neutrinos ofm ~ 10 eV would account for the
apparent large excess of the dark matter over the luminous matter (14, 15).
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NEUTRINO PHYSICS AND MASS 127
Massive neutrinos would also play an important role in the theory of
formation and development of inhomogeneities in the universe, leading to
superclusters, clusters, and individual galaxies (16).
Several proposals have been made for the detection of the background
neutrino sea. Recent analysis (17, 18) shows, however, that all of them lead
to immeasurably small effects even when we include the possible local
density enhancement of up to 105 due to the gravitational binding of the
neutrinos.
The "solar neutrino puzzle" is often mentioned in connection with the
neutrino oscillation problem. In the experiment by Davis et al (19) based 
the 37C1(v, e-)37Ar reaction with the 814-keV threshold only 1/4 to 1/3 
the expected neutrino flux (20) is observed. Maximum oscillations among
three neutrino flavors with a wavelength less than the Sun-Earth distance
would indeed reduce the flux of the electron neutrinos reaching the earth by
the factor of three. Alternative explanations of this puzzle, however, are not
exhausted (21).
1.2 Dirac and Majorana Neutrinos
Massive charged leptons, such as electron, muon, or tau, are easily
distinguished from their antiparticles. They are described by four-
component spinors and there is only one Lorentz-invariant and charge-
conserving expression possible for the Lagrangian mass term :
Lo = mD~l~. 1.
This mass term obviously conserves the lepton number.
The situation is more complicated for neutral fermions, such as
neutrinos, because Lorentz invariance alone also allows another mass term
where fie is the charge-conjugated spinor. The term LM changes a neutrino
into an antineutrino and thus violates lepton-number conservation.
Particles described by Lo are Dirac neutrinos (distinct from their anti-
particles); those described by LM are Majorana neutrinos (identical with
their antiparticles). Only two components of the Majorana spinor are
independent. A Dirac neutrino is formally a special case of two Majorana
neutrinos with identical masses and opposite CP eigenvalues (e.g. 22, 23).
The distinction between the Dirac and Majorana neutrinos becomes
important only if m ~ 0 or if both left-handed and right-handed currents
participate in weak interactions. In particular, the neutrinoless double
beta decay, which violates lepton-number conservation, becomes possible
for Majorana neutrinos. Most grand unified theories predict massive
Majorana neutrinos.
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128 BOEHM & VOGEL
1.3 Neutrino Mixing and Oscillations
In the standard electroweak theory each charged lepton ~- has its left-
handed neutrino partner ve. The neutrinos ve are weak eigenstates, but are
not necessarily states with a definite mass. That means that the mass term
discussed in Section 1.2 is generally not diagonal in re. One can define a
unitary mixing-matrix U,
N
vg = ~ Uglvi, 3.
where vi are states of a definite mass (the mass term is diagonal in v~), and
N _> 3 is the number of generations (flavors). llt is customary to order the 
in such a way that Uei is as nearly diagonal as possible, and one can then
use the approximate terms "electron neutrino mass," etc.
When matrix Ue~ is not exactly diagonal, we are led to the concept of
neutrino oscillations. Let ve be created by weak charged-current reaction at
t = 0 with momentum p. The time development of such a state is given by
ve(t)= Ue~exp -i p+ ’ ~ , 4.
i=1
provided p >> mi.
The different components of Equation 4 ]have time-dependent phases
leading to typical interference effects. In particular, the probability that one
encounters a weak eigenstate f’ after time t equals
P,(~¢’)=i Sg,12lgg’t[ 2 + 2 Ut, UeiUT"~U~’iexp -i~)t ; 5.j¢i
that is, this probability is an oscillating function of time t, or of distance
L = ct. Such an effect is called neutrino oscillation and requires nonvanish-
ing, nondegenerate neutrino masses, and at least some nondiagonal matrix
elements in U.
Study of oscillations does not furnish the neutrino masses themselves but
the quantity Am2 = Im]- m~l, obtained from the wavelength
2.5 x E (MeV)
6.Lo~(m) = 2 [mi -m~ I (eV)2
associated with each pair of i, j neutrinos with masses m~, m~. Mixing
coefficients U¢~ are obtained tYom the oscillation amplitudes. Note that the
oscillation pattern depends on L/E, the ratio of the distance to the neutrino
energy. In an experiment both the L dependence and the E dependence can
be used to explore oscillations.
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NEUTRINO PHYSICS AND MASS 129
Neutrino oscillations described above are "flavor" oscillations; the
electron, muon, etc numbers are no longer conserved, but their sum (the
total lepton number) is still conserved. Neutral-current weak interactions
are not affected by the "flavor" oscillations. Observation of such oscil-
lations would mean that at least some neutrinos are massive ; no distinction
between Dirac and Majorana neutrinos could be made, however.
For Majorana neutrinos, oscillations of the "second" class are possible
(24); they also affect the neutral current and violate the total lepton number.
In such a case a neutrino beam can produce antileptons (and an
antineutrino beam can produce leptons). The probability of such a AL = 
process is, however, suppressed by the helicity factor (my/E)2 and becomes
essentially unobservable (4, 25). Processes with AL = 2 also become
possible if weak interactions explicitly involve right-handed lepton cur-
rents, as discussed in Section 3.5.
1.4 Neutrino Decay
If neutrinos have mass, the heavier ones could decay into the lighter ones.
Neutrino decay has never been seen ; however, if it were observed it would
give information on the masses, and, because at least two neutrino flavors
are involved, on neutrino mixing.
The radiative decays
v2 ~ vl +e+-t-e- 8.
are generally considered the most likely candidates (26-28). The photon
mode (Equation 7) has its rate suppressed by the factor (m/mw)4 (me is the
charged-lepton mass, mw is the W mass; these particles appear as
intermediate states in the corresponding Feynman graphs), and for the
Dirac neutrino one obtains
~ F3GF72 ~ I me2 2
"
Substituting the tau mass for me we find
F~ ~ (1029 years)-1 ~= IU,, U,*212, 9a.
Various proposals to speed up the decay have been discussed (e.g. 26, 29);
they involve a very heavy fourth lepton and other assumptions. The decay
rate of Majorana neutrinos is more difficult to calculate (29).
In a laboratory experiment one tries to observe the decay of moving,
usually highly relativistic, neutrinos. The laboratory decay rate !"L"~ is
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130 BOEHM & VOGEL
related to the invariant center-of-mass rate by the time dilatation factor :
FLab=--mY FCr~"
Ev
An experiment thus furnishes a value, or an upper limit, of the product
rnvFr. Existing experimental limits are much poorer than the theoretical
estimates of Equation 9. For electron neutrinos one obtains (30)
mvoFr < 3 × 10-3 eV/s,
which is about 1035 times greater than Equation 9a for mv = 30 eV and
maximum mixing. Nevertheless, the corresponding decay length exceeds
the Sun-Earth distance by a factor of 105, excluding decay as a possible
explanation of the solar neutrino puzzle. For muon neutrinos the
corresponding limit is mvFr < 0.11 eV/s (31).
The decay into the electron-positron pair (Equation 8) can proceed only
when m~ > 2m¢. Its rate is much faster (28) than the photon emission mode,
F~ - G~ m:~[U~2U~=.~[2h( m~ ), 10.
192g2 ~m~ /
where h is a phase-space factor such that h(0) = 1, h(0.5) = 0. We 
from the neutrino oscillation searches described below that
IUe2Ucx=~l~  0.05
and thus
The experimental and theoretical ~mits for neutrino lifetime are sum-
marized in Figure 1.
Other decay modes, such as v ~ 3v’ have also been considered but are
typically even slower or their description involves additional assumptions.
Astrophysical considerations allow one to exclude certain neutrino
mass-lifetime combinations independently of the theoretical decay rates
(12, 32). Such considerations use available data on the microwave and
diffuse photon backgrounds, supernova energetics and emission, etc. As
described for example by Turner (12), one is left with only three allowed
"corners" of the neutrino mass-lifetime space: long-lived light neutrinos
(m~ < 200 eV, z > 1022 s for the maximum mass), long-lived heavy
neutrinos (m~ > 1 GeV, z > 102~ s), and short~lived heavy neutrinos
(m, > 10 MeV, z < 102 s for the minimal mass). The neutrino lifetime
boundaries based on astrophysical arguments are also shown in Figure 1.
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Figure 1 Theoretical and experimental limits of neutrino lifetime: ~(th) is the lifetime 
Equations 9 and 10 for maximum mixing, wher~ one assumes that z is th~ heaviest charged
lepton ; the horizontally shaded regions are allowed. The theoretical lifetime for 27 decay (96) 
also shown. The zA~t, are boundaries based on astrophysical arguments (12); vertically shaded
regions are allowed. Experimental lower limits for the dominantly coupled neutrinos extend
to the upper limits of the corresponding mass : z~. (30), z~ (31), % (33). The terms zso~** 
za,~,o, (95), and Zw.a. (33) are limits for less strongly coupled heavy neutrinos.
1.5 Summary of Present Experimental Evidence
To date there is no confirmed evidence that neutrinos have finite mass. A
reported deviation in the beta decay endpoint in 3H, if confirmed, may yet
indicate a mass in the range of 20-30 eV. Oscillation experiments with low-
energy neutrinos from a reactor provide an upper limit for the mass
parameter Atn2 = I m~- m~l < 0.016 eV2, if we assume the maximum value
of the mixing strength sin2 20, as well as an upper limit of sin2 20 < 0.16 for
Am2> 0.05 eV2. As to admixtures from heavy (> 1 keV) neutrinos,
experiments involving two- and three-body decays provide limits of about
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132 BOEHM & VOGEL
10-2 to 10-a for the strength of admixture c.f rnv = 1-100 keV neutrinos,
and still better limits for neutrinos with my > 100 keV. If neutrinos are
Majorana particles, lepton-number-violating double beta decay may
occur. This process has not been observed at the present level of sensitivity,
which leads to the conclusion that neutrino mass cannot exceed a value in
the range of 5-16 eV, or that right-handed weak currents cannot contribute
more than 2-6 x 10-5 with respect to the left-handed current. The
smallness (or absence) of neutrino mass is consistent with cosmological
bounds confining the heaviest neutrino to masses of less than 200 eV. The
solar neutrino puzzle is not inconsistent with the absence of oscillations in
laboratory experiments, and may still indicate oscillations with large
mixing and small (< 0.01 eV2) mass parameters.
2. OSCILLATION EXPERIMENTS WITH REACTOR
NEUTRINOS
2.1 The Detection Reaction
A number of experiments to study neutrino oscillations have been carried
out with low- and high-energy neutrinos (5, 35). So far, no evidence for
neutrino oscillations has been found. With this in mind, a simple analysis in
terms of two neutrino states is therefore appropriate. This description
includes two parameters only, a mixing angle 0 (sin 0 = U12 = -U21;
COS 0 = Uil = U22 ) and a mass parameter Am2 = Im~2- m~zl.
Low-energy experiments involving electron neutrinos are of the disap-
pearance type since not enough energy is available to create the muon or
tau lepton. Thus the probability for a ~o having disappeared by undergoing
oscillations into another neutrino state (inclusive reaction) is given by the
deviation from unity of P(d ~ d) = 1-P(d ~. ~’), where P(d ~ d’) 
written for our case, following Equation 5, as
p(~ ~ ~,) sin2 20 2.53 × Am2 (eV)2 x L(m)1
- 2
1 --cos
E~ (MeV) - . 11.
The disappearance experiments thus test the effect of all oscillation
channels (independent 0fthe assumption of only two neutrino states). These
experiments are sensitive to a large range of Am2 ; in particular, the lowest
Am2 is obtained for low E~ values.
Nuclear reactors are powerful sources of electron antineutrinos because
the fission fragments are unstable and undergo a series of beta decays. The
antineutrinos thus are emitted with energies c]haracteristic of nuclear beta
decay. A neutrino detector positioned at varying distances from a reactor
is capable of measuring the ~¢ yield as a function of energy and position,
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NEUTRINO PHYSICS AND MASS 133
thus allowing one to verify both the E and L dependence of oscillations
(Equation 11).
To detect the low-energy antineutrinos, the inverse neutron decay (36),
~Tcp -* e+n, is well suited. This reaction, which can be identified by a time-
correlated positron and neutron signature, has a cross section that is a
function of the outgoing positron energy, given by
2~2h3a(Ee) - m~cTfzn pcEe,
12.
where Zn is the neutron mean life and f is the usual statistical function
including the Coulomb correction for Z = 1. The outgoing positron and
incoming antineutrino energies are related through
E¢ = E~ + (Mn- Mp). 13.
According to Wilkinson (37), f= 1.6857 and the recommended adjusted
average neutron lifetime is z, = 900 + 9 s. However, it should be noted that
not all experimental data on z~ are mutually consistent.
In an experiment at a nuclear reactor one actually measures the positron
yield, which is (assuming no oscillations) given 
Y(Eo) ,-~ a(E~)n [E~ = E, + (M,-- Mp)], 14.
where n(E;) is the reactor antineutrino flux per unit energy.
With the present good accuracy (< 5%) in the experimental yield it 
necessary to consider higher order terms in a, such as neutron recoil
corrections, weak magnetism, radiative corrections (bremsstrahlung), and
higher order Coulomb terms (38),
Besides the qeP ~ e÷n reaction, the charged-current reaction on the
deuteron, ~ed ~ e÷nn, and the competing neutral-current reaction,
-~ ~7,pn, have been studied, the-latter being insensitive to oscillations. Based
on the ratio of the total neutron yields in these reactions Reines et al (39)
found indication for neutrino oscillation. In a later paper (40), however, the
values were modified and the evidence for oscillations is no longer
statistically significant.
2.2 The Gb’sgen Reactor Experiment
The Caltech-Munich-SIN group has conducted two experiments at the
G6sgen reactor in Switzerland; one (41) with the detector at a distance 
38 m from the core and another one (42) at 46 m. Prior to these experiments,
a measurement was made at the ILL reactor in Grenoble (France) at 
distance of 8.7 m using a similar detector (43). The setup of the G6sgen
experiment is sketched in Figure 2. The neutrinos were detected by the
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134 BOEHM & VOGEL
reaction feP --} e +n using a composite liquid scintillation detector and aHe
multiwire proportional chambers. A time-correlated e÷,n event con-
stituted a valid signature.
Pulse shape discrimination in the scintillation counter has proved to be a
powerful technique for eliminating correlated, neutron background events.
These events are caused by cosmic-ray-induced fast neutrons recoiling on
protons in the liquid scintillation counter. The recoil gives rise to a
scintillation counter trigger, followed, after a thermalization period, by a
neutron capture signal in the ~He counter. Neutrons associated with the
reactor are entirely absent in these experiments.
About 11,000 neutrino-induced events were recorded in 6-9 months of
reactor-on time. Backgrounds for each position were recorded during a
one-month reactor-off period. Figure 3 shows the difference spectrum of
reactor-on minus reactor-off for both positions, together with a curve
representing the expected spectrum for no oscillations. The latter was
obtained from the on-line beta spectroscopic measurements at the ILL
reactor by Schreckenbach et al (44) studying z35U and z 39pu fission targets.
These two isotopes account for about 89% of the total fission energy at the
G6sgen reactor. The remaining 11% are due to fission of 23su and 2’Upu.
L=~Sm
Figure 2 Experimental setup of the neutrino detector at the O6sgen reactor. (The drawing is
not to scale.)
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NEUTRINO PHYSICS AND MASS 135
The calculations of Vogel et al (45) were used to evaluate the contribution 
the antineutrino spectra from 238U and z41Pu. The variation in time of the
contributions of each fissioning isotope is well known and was taken into
account.
In Figure 4 the observed yields for the 38-m and 46-m positions at
G/~sgen (41, 42), and the 8.7-m position at ILL (43) are displayed, in units 
the no-oscillation yield, as a function of LIE,. As can be seen in Figures 3
and 4, there is good agreement between experiment and the expectation for
no oscillations.
The data at two or three positions can also be analyzed without resorting
to the no-oscillation spectrum. The exclusion plots of Figure 5 were
obtained by considering the ratios of the data at 8.7, 38, and 46 m for each
energy bin and fitting them to calculated ratios for various oscillation
parameters. A Z: test to all possible values of Am2 and sin2 20 resulted in the
90~o confidence limits (CL) displayed in Figure 5. The analysis leading 
the dashed curve in Figure 5 is entirely independent of the no-oscillation
neutrino spectrum as well as the detector efficiency calibration. It has been
concluded that there are no neutrino oscillations with parameters larger
than those contained to the right of the curves in Figure 5.
Finally, an important question should be addressed: Where in the
Am2 vs sin 2 20 plane should one continue to search for oscillations?
Unfortunately, there is no guidance whatsoever from theory. As to the
57.9 45.9m
1.5- _
~ -- 45.9 m
C°LIr)ts’,0- /~/~ =-~..~ ....
:57.9 m
(MeV h)-~0.5- 0 5"
"~0
0 I 2 3 4 5 6 7
Ee+ (MeV)
Figure 3 Results of the G6sgen experiments. Positron sl~ectra obtained by subtracting
reactor-off from reactor-on spectra for the 38-m and 46-m experiments. The energy bin is
0.305 Me¥. The solid curve represents the predicted positron spectrum assuming no neutrino
oscillations.
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5 I0 15 20
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Ratio of experimental to predicted (for no oscillations) positron spectra at 8.7, 38,
and 46 m from the reactor core. The errors of the data points shown are statistical (from 4@
......... ~:..:..:..:...~. -
’....~.’., ~
90% CL
Am2
..~.:..
G~sge,n 4- ILL((~V:~ ..: ---,
ll~2 J I I I l I I I
0 0.5 1.0
sinz 28
Figure 5 Exclusion plot obtained from the G6sgen and ILL experiment at 90% confidence
limit. The curve labelled 37.9+45.9 m refers to the limit obtained by using the 37.9-m and
45.9-m data only, for example. The 0 m label represents the on-line beta spectroscopic
measurement (see text).
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Figure 6 Expanded Am2 vs sin 2 20 plane showing current experimental limits and sorne
dimensional guesses.
mixing angle, we can state that present limits are smaller than the Cabibbo
angle. Figure 6 shows these limits, together with other possible dimensional
guesses (lepton mass ratios). If the solar neutrino experiments are indeed
telling us that neutrinos oscillate with large mixing angle, the Am2 values
must lie between 10-2 and 10 10 eV2, a region increasingly difficult to
explore.
2.3 Fission Antineutrino Spectra
The above analysis of the reactor oscillation experiments is based on
comparison of the positron yields measured at different distances and is
therefore independent of the reactor antineutrino flux. Knowledge of this
flux is, however, still important because it allows one to correct for the
(weak) time dependence of the reactor fuel composition and for the (small)
contribution of the 238U and z41Pu fission, and most importantly it makes
it possible to determine the maximal allowed mixing angle for large Am2
(Figure 5).
Because in each beta decay both e- and ~c are emitted with correlated
energies, one can deduce the ~c spectrum from the experimentally
determined electron spectrum. For the main reactor fuels, 2asU and 24tpu,
the electron spectra have been determined (44, 47) very accurately for
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138 BOEHM & VOGEL
kinetic energies up to ~ 7 MeV (and somewhat less accurately up to 8 MeV,
where the spectrum is more than 1000 times weaker than its maximum).
When the electron spectrum is converted ill,to the antineutrino spectrum,
an uncertainty of 4-6~o at 90~ CL is introduced (47). It is important at this
level of accuracy to correct for deviations from the allowed beta decay
spectrum shape (38).
The reactor ~7e spectrum can also be obtained by adding spectra of all beta
branches of all fission fragments (see, for example, 45). This method,
although in principle straightforward, requires knowledge of fission yields,
beta decay Q values, and branching ratios. For short-lived fission fragments
this information is often uncertain or unavailable and one must resort to
nuclear structure considerations. Thus the uncertainties in the resulting
spectrum are typically larger than those obtained from conversion of the
experimental electron spectra.
3. DIRECT AND INDIRECT NEUTRINO MASS
MEASUREMENTS
In this section we review the results of experirnents on neutrino mass based
on observation of charged particles emitted in weak decays. The momenta
and energies of the charged particles, as well as the overall decay rate, are
affected by the neutrino mass and mixing. A detailed account of the theory
of weak decays with massive mixed neutrinos has been given by Shrock (48).
It is useful to distinguish between domiinantly and subdominantly
admixed neutrinos. While dominantly admixed neutrinos can be treated as
constituting the principal mode, for both massive and massless neutrinos,
weakly admixed neutrinos can be regarded as an additional decay channel
open only for massive and mixed neutrinos, Ne.utrinoless double beta decay
based on a measurement of the electron spectrum is also included in this
section.
3.1 Electron ./lntineutrino Mass from Beta Decay Endpoints
In nuclear beta decay, as in any three-body decay x --. y + ~ + ~e, there may
be several endpoint energies E~a~ each associated with a neutrino mass m~,.
They are related to each other by
2 2
E~= M~ +me --(My+m~,)~ 15.
2M~
The corresponding Kurie plot [N(E)/pEF(Z, ] ~/~(or its analog) has kink
at each endpoint and an infinite slope at the maximal endpoint (minimal
rn~). In the neighborhood of each endpoint the neutrino is nonrelativistic;
hence deviations of the spectrum from the shape corresponding to massless
neutrinos are linear in m~.
www.annualreviews.org/aronline
Annual Reviews
A
nn
u.
 R
ev
. N
uc
l. 
Pa
rt.
 S
ci
. 1
98
4.
34
:1
25
-1
53
. D
ow
nl
oa
de
d 
fro
m
 ar
jou
rna
ls.
an
nu
alr
ev
iew
s.o
rg
by
 C
A
LI
FO
RN
IA
 IN
ST
IT
U
TE
 O
F 
TE
CH
N
O
LO
G
Y
 o
n 
09
/1
3/
05
. F
or
 p
er
so
na
l u
se
 o
nl
y.
NEUTRINO PHYSICS AND MASS 139
Here we discuss the dominant mode associated with a single neutrino
with mass m~. The nucleus 3H has the desirable features of a low Q value (to
enhance the relative number of decays near the endpoint and to decrease
the required relative resolution) and a reasonably short lifetime (to increase
specific activity).
Recent results on the 3H beta decay are summarized in Table 1. There is
evidence for a nonvanishing electron antineutrino mass from the ITEP
experiments (51, 53) but independent confirmation of this important result
has yet to come forward.
One of the main problems in the 3H experiments is the effect of the
spectrometer resolution and response. In the mentioned experiments the
resolution has been comparable or larger than the value or limit of m~. In
the neighborhood of the endpoint the finite spectrometer resolution R
causes the slope of the Kurie plot to decrease, whereas the finite neutrino
mass mv causes it to increase. Thus an error AR in R results in an assignment
of a fictitious neutrino mass related to the true mass m~ by
(mf~ic)2 ~ 2AR" R + m~.
An accurate knowledge of the full resolution function, including the effects
of electron energy losses in the source, is therefore crucial. It is also
necessary to take into account the natural width of the calibration lines in
the determination of the spectrometer resolution function, as pointed out
by Simpson (54).
Another problem, affecting the interpretation of the results, deals with
the fate of the spectator electron originally bound to the 3H atom or
molecule. After the sudden change of the nuclear charge this electron does
not end up in a single stationary quantum state. In particular, the
Table I ~o mass determination in 3H decay
Resolution
Author, Year (Ref.) Source (eV) mr (eV), E0d (eV)
Bergkvist, 1972 (49) 3I-I in A1 50 < 55, 90~o 18,623 ± 16e
Tretjakov et al, 1976 (50) valinea 45 < 33, 90~ 18,575_ 13
Lyubimov et al, 1980 (51) valine 45 14 <_ mr < 46,b 99~ 18,577 ± 13
Simpson, 1981 (52) 3H in Si (Li) 220 < 60, 95~ 18,5~.3 ± 5f
Boris et al, 1983 (53) valinc 20 33 ± 1.1, ° 60~ 18,583.2 ±0,3°
a 3H-tagged CsHI~NOz.
~’ Limits include different final 3I-le states. When the neglected intrinsic widths of the calibration lines are
taken into account, the lower limit ofm, ~ 14 eV is reduced to zero (53).
° For the theoretical final state of valine as calculated in (55); if a full range of fiiaal states is considered, one
obtains model-independent lower limits of m~ > 20 eV, Eo >_ 18,575 eV at 95~ CL (53).
’~ For 3He+ ground state.
¢ Corrected by 13.5 eV to transform from the measured average excitation energy.
t Corrected by 24 eV to transform from the measured atomic mass difference.
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140 BOEHM & VOGEL
probability of finding the final 3H¢ ion in its ground state is only 0.6-0.7,
depending on the chemical composition of’ the source, and the average
excitation energy of the final state is 13-20 eV. The spectrum of final states
can be reliably calculated for the free 3H atom. This spectrum was
computed for valine by Kaplan et al (55). C]learly this problem should 
considerably alleviated if. the resolution could be made smaller than the
expected excitation energy of the final atomic or molecular complex.
The background level determines the minimal distance from the
endpoint, that is, t~e maximal electron energy, where data still have
statistical significance. There. has been a significant reduction, by a factor of
about 20, in the background level of the recent ITEP experiment (53) over
the results of Lyubimov et al (51).
While the values of my in Table 1 are mutually consistent, the endpoints
Eo are not. The value of.E0 has been determined independently by Smith et
al (56) by measurement bf the 3H-3He atomic mass difference. The resulting
value of Eo = 18549 + 7 eV is in a significant disagreement with the ITEP
result (53). It was recently pointed out (57) that the results of(53) imply 
the true endpoint of the electron spectrum (i.e. where the spectrum would
end if the resolution were a delta function):is 18580-33 ~ 18550 eV, in
agreement with (56) but at the same time indicating vanishing (or very
small) neutrino mass.
The previous discussion dealt with the antineutrino mass. Similar studies
of positron decays, and thus of the electron neutrino mass, are difficult
because electron capture (EC) dominates over positron emission at low
decay energies. Information on the electron neutrino mass could be
extracted from the study of the endpoint region of inner bremsstrahlung
accompanying electron capture (58). The bremsstrahlung arises at low
energies mainly from p-capture, and its intensity is enhanced by the
resonant process if the energy is not far from some p ~ s x-ray transition
(58, 59). Tests (60) in the EC decay of ~ 93pt (Q --= + 0.3keV) set anuppe
limit of m~o < 500 eV for the electron neutrino mass. Electron capture in
~6aHo [Q = 2.58__+0.10 keV (61), and T=: 4570_+50 years (62)] 
attracted considerable interest as a candidate for further study; other
possibilities are ~ S STb (63) and x ~ 7Tb (64). At the present time the study 
bremsstrahlung accompanying EC is considerably less sensitive to neutrino
mass than the study of the electron spectrum :in aH decay.
3.2 Muon and Tau Neutrino Mass Limits
In two-body decays, such as the pion decay ~r ---, kt + vu, a value or an upper
limit for the muon neutrino mass can be determined from kinematics. Again
we assume that only one neutrino mass eigenstate is dominantly coupled to
the muon.
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In the pion rest frame the muon neutrino mass is related to the dominant
(maximal) muon momentum by the quadratic dependence
m2 2 + m~2 2 2 1/2
~ = m~ -- 2rn~(pv + m~) 16.
Thus in order to obtain a neutrino mass value it is necessary to determine
with sufficient accuracy the muon momentum and pion and muon, masses.
The study of the pion decay in flight allows one to reduce the absolute
value of the neutrino momentum in the laboratory frame and thus increase
sensitivity to the neutrino mass; the results are also less dependent on the
precise knowledge of the pion mass.
At the present time both methods lead to virtually identical upper
limits on the muon neutrino mass. In the pion decay at rest one obtains
my, < 0.52 MeV (90~ CL) using the pion momentum determined 
Daum et al (65) and the pion mass of Lu et al (66). A slightly better limit
of 0.49 MeV (909/0 CL) was achieved recently (67). In the pion decay 
flight experiment (68) the limit is mv~ < 0.50 MeV (909/o CL) and the 
certainty is dominated by the systematic errors in the determination of
p,-p~ for the forward going muons (p,~ ~ 350 MeV c-~).
In decays having three particles in the final state, one can take advantage
of the regime where the neutrino has a small momentum (see the discussion
of beta decay above). However, until now only the study of the Ku3 decay
(69) led to a meaningful limit my, < 0.65 MeV (90% CL).
Finally, to connect to cosmological and astrophysical considerations
discussed in Sections 1.1 and 1.4, we note that the above limits of the muon
neutrino mass are in the middle of the "forbidden" region.
The experimental limits on the tau neutrino mass are quite poor. Limits
of my, < 250 MeV (95~ CL) were obtained by Bacino et al (70) and 
Blocker et al (71).
3.3 Heavy Neutrino Admixing
We now explore the possibility that one or more heavy neutrinos may be
admixed to a light neutrino state. Here we again assume that the weak
interaction eigenstates ve are superpositions of mass eigenstates, v~
(Equation 3). Experimental evidence points to the fact that a state vt (such
as re) is predominantly composed of one light neutrino v~ (such as vl). 
heavy neutrinos exist, their admixture must therefore be small. In this ease
IUe,2o~31 ~1 and a decay proceeding via the heavy neutrinos has a
branching ratio proportional to I Ue~]2.
The two-body decays K -~ nv, r~ ~ #v, or zc ~ ev offer sensitive tests to
study these branches (48). In the lepton spectrum each mass eigenstate 
expected to manifest itself as a monochromatic peak at some energy below
the regular lepton peak associated with the light neutrino, with an intensity
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142 BOEHM. & VOGEL
proportional to I Ue~l2. Several spectroscopic: experiments aimed at finding
these secondary peaks have been carried out, but no evidence for a heavy
neutrino decay has been reported so far. The best current limits for the
mixing strength I Ueel2 from these experiments for admixtures to electron
neutrinos (E = e) and muon neutrinos (E = p:) are summarizedin Figure 
References are provided in the caption.
The study of three-body decays also lends; itself to the search for heavy
neutrino branches (48). As mentioned above, in nuclear beta decay a heavy
neutrino would show up as a discontinuity in the electron spectrum, for
example. Recent studies by Schreckenbach el: al (73) of the electron spectra
of 6aCu and by Simpson (72) of the spectrum of 3H provide limits for
neutrino mixing in the mass range of 1 keV to 0.5 MeV (see Figure 7).
Limits for I U~l2 from oscillation experiments are also shown in Figure 7.
For ve --} x we use I Ueil2 = (1/4) sin2 20, with sin2 20 < 0.16 (42); existing
results from vu --} x are not relevant in the mass region shown.
As mentioned in Section 1.4, the mass region between 200 eV and 10 MeV
is forbidden for stable or unstable neutrinos; based on astrophysical and
cosmological arguments.
i0-I
10-2
10-3
i0-z
i0 5 i0el i07 108 109 i0 J 102 i0~’
mi (eV) mi (MeV)
Figure 7 Limits for mixing coefficients I Ueil2 and I U.~I2 describing the admixture of heavy neutrinos to the
electron neutrino and the muon neutrino, respectively. The regions above the curves are excluded. The curves
are based on the following references : 3H -, 3He + e - + ,7 (72), 6~’Cu --, 6’*Zn + e - + ~ (73), 76Ge --} 765e -i- 
+e- (74), n -~ ev (75), v ~ eev (33; 95),/.~ evv (48), rc ~ #v (77),K --, #v(78)
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3.4 Neutrinoless Double Beta Decay
A sensitive source of information for neutrino mass and right-handed
currents is the neutrinoless double beta decay, a semileptonic weak process
of second order. Double beta decay proceeds from a nucleus Z to Z + 2 and
should become observable if the first-order process Z to Z+ 1 is ener-
getically forbidden. There are two types of double beta decay: the two-
neutrino decay, Z --, (Z + 2) + el + ~t + ez + ~z, and the zero-neutrino decay,
Z~(Z+2)+el+e~. The former is expected to occur from standard
theory; its study is of interest since it might help in estimating the value
of the nuclear matrix elements needed to analyze the second process. The
zero-neutrino process, if observed, would signal violation of lepton-number
conservation, which can be associated with nonzero Majorana neutrino
mass or right-handed weak currents (79, 80).
Figure 8 illustrates both the 2v and the 0v processes. The characteristic
signature of the latter is a monochromatic peak in the spectrum of the total
electron energy Co. The 0v decay could proceed by virtual neutrino
exchange, as illustrated in the figure. This is a two-nucleon mechanism : a
neutron nl emits an electron el and a neutrino, and the latter is absorbed by
a neutron nz, which then emits an electron e1. The process can only proceed
0÷
Z+2
Fioure 8
neutrino.
eI
~M
e2
Z Z+I Z+2
Illustration of double beta decay: (top right) neutrinoless, (bottom rioht) two-
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144 BOEHM & VOGEL
if the neutrino is a Majorana particle (vr~ = ~7~). In addition, in the standard
theory angular momentum conservation prevents the 0v process from
proceeding since only purely right-handed antineutrinos can be emitted,
and only purely left-handed neutrinos can be absorbed. Two mechanisms
have been identified (79, 80) that violate the l?erfect helicity of the neutrino
and thus allow the 0v process to proceed:
1. The charged lepton current in the weak interaction has an explicit
right helicity admixture given by
j~ ~ e~[(1 + y~) + r/(1 - ~)]vM. 17.
We assume here that the hadronic current has its standard form. (In the
standard theory q = 0 and mv = 0, hence the :subscript M in Equation 17 is
not necessary, as explained in Section 1.2.)
2. The neutrino has a mass so that a "wrong" helicity amplitude ,--mv/E
arises even though the interaction is purely "left-handed."
In the discussion below we assume that neutrinoless double beta decay
can be described by the above two parameters, the right-handed current
parameter ,/and the Majorana neutrino mass my. Other descriptions have
been presented in literature, including "quasi-Dirac" neutrinos or the.
existence of more than one neutrino (81). As to the nuclear aspect, it 
assumed that the two-nucleon process sketched above dominates the decay
probability and far outweighs the N* mechanism (80). In calculating the
rate, the summation over the nuclear intermediate states is carried out in
the closure approximation.
TRANSITION PROBABILITIES The 2v process can proceed with massless
Dirac or Majorana neutrinos and its rate is given for 0÷ --} 0÷ transitions
by
F2~ ,~ F2~(eo)C(eo, MGT]2 AErq + ~- + m~ , 18.
where F2~(eo) is the 4-fermion phase-space factor; C(eo, Z) is the Coulomb
function; M6x is the appropriate second-order Gamow-Teller-type matrix
element (f -(~),, ",, ~ ± ~ ± ]li} describing the virtual transitions via states
in Z + 1 (see Figure 8) ; and AEr~ is the average nuclear energy difference
between these states and the initial state. The main uncertainty in this decay
rate stems from [MOT[~ and :may be as large as a factor of 10±z. A rough
estimate for the 2v half-life yields T~[ ~ 10z~ ±z y.
A similar estimate can be made for the 0v process. Both right-handed
current (RHC) and mass mechanisms have been considered (79). For 
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NEUTRINO PHYSICS AND MASS 145
transition between ground states (0+ -, 0+) this rate is given by
M 2
F°~
~ i~) p 19.~ Fov(~o)C(~o, Z) 
The quantity For(so) is the 2-fermion phase-space factor ; it contains terms
in neutrino mass (m = my~me) and in RHC (~/) in the following form,
For(Co) m2f,~(eo) + mrlfm~(eo) + rl 2.fn(eo).   20.
The term fm has the same energy dependence as in allowed beta decay
(s-wave), and fn has higher powers in energy reflecting the momentum
transfer dependence in the RHC process. The quantity I I in Equation 19
represents the Ga~mow-Teller matrix element divided by an average
nucleon separation distance (rli) measured in proton Compton wave
length 1~rap. The (ri~) appears because the virtual neutrino is exchanged
between two nucleons within the same nucleus. Here a rough estimate gives
Tl~ ,~ 10ts+2 r/-2 (or rn -2) y.
We note that 0v decay is ~ 107 times faster than the corresponding
2v decay if ~/= 1 or m = 1. Part of this difference can be understood
if in Equations 17 and 18 one retains only the leading so powers and
omits all (non-numerical) common factors. This yields e~/AE~ for F2~ and
(mp/(rij)mp)2 for F°v. Using (ri~)mp ~ AEN/me (rap was in fact introduced
into Equation 19 in view of this), one obtains a factor of ~ 104 in the ratio of
the rates. The remaining difference stems from numerical factors in For and
Selection rules could help distinguish between the mass and RHC
mechanisms (79, 80). For the mass term, only + -~ 0+ t ransitions a re
allowed, while for the RHC term, one can have 0+ --, 0+, 1 +, 2+. (This has
to do with the additional momentum transfer dependence of the transition
amplitude.) Thus, if a + - , 2 + branch were o bserved, i t w ould g ive
evidence for right-handed currents.
DISCUSSION OF EXPERIMENTAL EVIDENCE Double beta decay has been
studied in several nuclei both by geochemical techniques [extraction of the
daughter (Z + 2) from the parent (Z) in an old ore] and with counters.
Geochemical experiments cannot, of course, distinguish between 0v and 2v
decays. We discuss below the results for some selected eases that are
particularly suited for sensitive tests. For a more complete review see, for
example, (81).
Te ratio In calculating the rates for double beta decay, the largest
uncertainty stems from the nuclear matrix element M~. The idea of
eliminating the matrix elements by comparing two isotopes presumed to
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146 BOEHM & VOGEL
have similar nuclear structure is therefore attractive. The ratio of the half-
lives is then given by the ratio of the phase-space factors F2~ and Fo~ for the
two isotopes. Such a comparison has been made for 12STe and 13°Te. In the
2v process, one expects 13o l~sT1/2 (2v)/~/~j 2 (2v) = 1.8 x -4. For th e 0vprocess,
this ratio is always larger and its exact value depends on the parameters m~
and r/. The geochemical work by Kirsten et ai (82) gives -r13O/~r12s 
~tl/2 / tl/2 --
(1.0__+ 1.1) x -4, inagreement with the 2v prediction and compatible with
the absence of 0v decay. The upper limits for m~ and r/ (ignoring neutrino
mixing) are m~ < 5 eV and r/< 2 x 10-5, independently of the specifics of
the calculation, aside from the assumed equality of the matrix elements. The
ratio of Kirsten et al, however, disagrees with another geochemical ratio,
obtained by Hennecke et al (83), ~r13o/~r~2s = (6.3+0.2) -4. This
~t 1/2/-t 1/2
result could be interpreted as requiring 0v decay to occur and thus would
constitute evidence for lepton-number violation with either m~ ~ 10 eV or
~/m 5 x 10-5. Clearly, no strong case can be made for or against lepton-
number nonconservation until this discrepancy is resolved.
13°Te The half-life of the decay of 13°Te --~ 13°Xe, averaged over the
existing geochemical experiments (84) (with large scatter of the data) 
2.6 x 10z~ y. Interpreted as 2v decay, this yields a nuclear matrix element
Mc,r(2V) = 0.24 (80). Haxton et al (85) calculated, this decay and 
M~r(2v) = 3.0 in the same units, i.e. a lifetime of T~ ~ 1.7 x 1019 y, about
150 times shorter than the observed one. It should be noted that the
geochemical determinations depend critically on the so-called gas retention
age of the minerals. Any error in this age would result in an increase in the
deduced half-life with respect to the true one.
Notwithstanding the disagreement between the predicted and observed
half-lives and setting aside the fact that additional assumptions are needed
to relate the nuclear matrix elements for 2v and 0v decays, we shall obtain a
crude estimate of m~ based on the hypothesis that some fraction of the decay
is due to a 0v process induced by a finite m~. Since this fraction is unknown
we assume that it is 50~, and furthermore that the ratio of the relevant
matrix elements is that calculated by Haxton et al. This set of assumptions
yield m~ = 130 eV; clearly, if the fraction due to 0v decays is less than half, a
correspondingly lower value of m~ is derived. These arguments are
illustrated in Figure 9 and summarized in Table 2.
S2Se Geochemical measurements (84) provide an average lifetime value
for double beta decay of about 1.5 x 1020 y (with an estimated uncertainty
of about 10~). Again, the theoretical prediction (85) disagrees with 
geochemical lifetime, as summarized in Table 2 and Figure 10. On the other
hand, a cloud chamber experiment (87) gives a 2v lifetime 15 times shorter
than the geochemical one; however, with relatively large uncertainty. The
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T
(y)
~3OTe
Geochem
22/+ Oz/ 22/ Oz~
1022
~~
1021 ~v~
1020
C~lc
Hexton
Limits for
mM~(eV)
TI28, ~3o1/2//1/2 ~ 5
Figure .9 The geochemical and calculated half-lives and inferred neutrino mass limits for
X3°Te (see text and Table 2 for explanations).
Table 2 Summary of selected double beta decay results
Experiment Calculation
Geochemistry Laboratory Doi et al Haxton et al
(Ref.) (Ref.) (80) (85, 86)
76Get
Tu~(2v) (Y)
T~l=(Ov) (y
m, (eV)
S=Se
Tu~(2v) (Y)
T1/~(Ov) (Y)
rn, (cV)
13OTe
T1/2(2v) (Y)
Txlz(Ov) (Y)
m, (eV)
13o/12aTe
Tl~/~°/128
m, (eVp
1.5 x 2020 (84)
>3.7 x 1022 (90)
2.3 x 10~1 3.7 x 1020
9.4 x 10TM
<16 <7
(1.0±0.4) x 101° (87) 1.5 X 1020 1.7 X 1019
>3:1 x i021 (88) 3.2 X 10TM
<33 < 12
2.6 x 102re 2.6 x 1021 1.7 x 1019
2.5 x 10TM
< 130
(1.0_1.1) x -4 (82)
<5 <5
Assuming my = 10 eV.
bOr~/<2x 10-5 .
Average value as quoted in (80).
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experimental search for 2v decay is continuing with an improved apparatus
(89) and should help in clarifying the existing discrepancy. It is to be noted
that for this transition there exists (88) an experimental limit T~ > 3.1
x 1021 y. In analogy with the procedure apF)lied to la°Te, we may assume,
using this limit, that _< 5% of the geochcmiczd rate is duc to 0v decay. With
the same hypotheses as before, and dismissing the cloud chamber result, we
obtain then rn, _< 32 eV. An alternative approach is to discard the
geochemical result, and to rely on theoretical matrix elements, which agree,
for the 2v mode, with the cloud chamber result. This approach yields mv
_< 12eV.
76Ge In the case of 76Ge there now exist several sensitive laboratory
results giving tight bounds on Tt/2(0v). Since there are no geochemical data
from which to extract the matrix elements, one has to rely on the
calculations by Haxton et al (86), possibly as modified by Doi et al (80).
Using only the theoretical matrix elements of (86), and the best current
laboratory limit (88) for the ÷ --* 0÷ t ransition o f T~ >3.7 x 1022 y,one
obtains mv < 7 eV. Recalling the discrepancy, in the case la°Te and S2Se
between the geochemical and theoretical 2v rates, one may, following (80),
"scale down" the theoretical matrix element lay the factor corresponding to
the discrepancy in S2Se (the nuclide closer to 76Ge), and obtain my < 16 eV
(see Table 2). The half-life limit for the ÷ ~2+branch is 4 x1021y (90).
A high-resolution Ge detector is an ideal instrument for obtaining
e2Se
Geochem Limits for
2v* Ov 2v ~(eV)
i0zz
TI/2 i02i(y)
1020 22
i0~9
Av Calc
Haxton
m
////~; ~ Cleveland
_. ....
Moe + Lowenthal
~ 32
12
Figure 10 The geochemical and calculated half-lives and inferred neutrino mass limits for
8:Se (see text and Table 2 for exphmations).
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sensitive limits for 0v decay. 76Ge occurs in germanium with a natural
abundance of 7.8~. Fiorini and his group pioneered the Ge experiments
and the quoted best current upper limit has been reported by Bellotti et al
(90) from an experiment in the Mont Blanc tunnel. Other laboratories (91-
93) have also reported results.
Figure 11 depicts the experimental arrangement of the Caltech (93)
experiment. The Ge detector is shielded with Cu and Pb and surrounded by
a radon tight can. A veto counter serves to reduce cosmic ray background.
The principal limitations for these experiments are detector size and, even
more important, detector background. One of the principal sources of the
background in the region of the decay energy ~o is the Compton
contribution of the 2.6-MeV gamma ray accompanying 2°8T1 decay, a
ubiquitous natural contamination. In the Caltech experiment (93) this
contamination has been virtually eliminated. Other background com-
ponents come from cosmic rays. They can be reduced by a veto system,
as illustrated in Figure 11. However, high-energy bremsstrahlung and
neutrons are not vetoed and to reduce these components one must install
the experiment in an underground site, as Bellotti has shown.
Figure 12 illustrates a portion of the spectrum from the Caltech
experiment. After 3820 h of running time there is no evidence for a peak at
2.04 MeV. From the number of counts, N, in a 3-keV interval (the detector
resolution) and its fluctuation, x/~, one obtains a ltr limit for the 0v lifetime
of T~ > 1.9 x 1022 y.
As to the future of the 76Ge studies, it is safe to predict that ongoing
efforts will stretch the sensitivity for T]~ to about T~’~ > 1023 y, which
corresponds to a mass limit of mv < 10 eV. To progress substantially below
l0 eV, much larger sample sizes will be needed. The largest currently
planned Ge experiments envision detectors of about 1000 cm
DETECTORS
TIGHT CONTAINER
DETECTOR
Cu SHIELDING
Pb SHIELDING
VETO DETECTORS
SUPPORT TABLE
Figure 11
LIQ. Nz DEWAR
FLOOR
Pb SHIELDING
Ge detector setup for the Caltech double beta decay experiment.
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~200 ~20 ~240
CHANNEL NUMBER
~60 ~2BO~300~0 ~340~360. 5380 5400
(2039.6+0.9) keV BB (O~v) +
2000 2010 2020 2030 2040 2050 2060 ’ 2070
ENERGY (keV)
Figure 12 High-resolution Oe spectrum near total decay energy so = 2040 keV.
atoms. In comparison, a large Xe time projection chamber (TPC) may have
in excess of 1026 atoms of 136Xe (8o = 2.5 MeV). Both liquid Xe (H. Chen,
private communication) and pressured gas Xe (94) TPCs have been
proposed. Depending on how well correlated electron tracks with energies
up to 2.5 MeV can be identified, these detectors may allow the exploration
of neutrino mass down to 1 eV or below.
4. OUTLOOK
Neutrino physics at low energies is capable of providing sensitive tests for
neutrino mass and neutrino mixing in a manner complementary to the
efforts in high-energy physics.
AS to the ~7e mass, the recent much-publicized value of about 30 eV, if
confirmed, would provide an important cornerstone for physics, astro-
physics, and cosmology. Several independent experiments now underway
to study the 3H spectrum with improved resolution are therefore eagerly
awaited.
Further progress in improving the sensitivity for inclusive oscillations of
reactor neutrinos is expected to be slow, as it can only be accomplished with
very much larger detectors. With a detector ten times larger, for example,
the sensivitity for Am2 for full mixing may be as good as 0.005 eV2, as
compared to the present value of 0.016 eV2, but the present mixing angle
limit of sin 2 20 < 0.16, which is based on absolute’ flux measurements,
cannot be improved significantly. On the other hand, progress is expected
in the study of exclusive reactions, in particulaLr in their sensitivity to small
mixing angles. Work wil! also continue in the searches of small admixtures
of heavy neutrinos.
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Double beta decay is one of the most promising topics having a clearly
defined program for further study. The discrepancy between the geochem-
ical and calculated lifetimes of the 2v mode should be resolved, preferably
by observing the 2v mode in the laboratory. That would put the calculation
of the nuclear matrix elements on a firmer basis and it would be possible to
interpret with greater confidence the experimental lifetimes (or limits) for
the 0v mode in terms of the fundamental parameters of the neutrino
Majorana mass or right-handed current. Independently of the uncertainty
in the nuclear matrix element, the upper limit on 0v decay provides a
neutrino (Majorana) mass limit of 5-15 eV, which is already below the
30-eV value derived from the 3H experiment. Substantial improvements in
sensitivity to 0v double beta decay are expected with the advent of larger Ge
detector arrays and Xe TPCs. These future experiments will probe neutrino
mass down to about 1 eV or below.
The solar neutrino puzzle remains unsolved. An independent determi-
nation of the solar neutrino flux, in particular of the low-energy neutrinos
from the p + p -~ d + e + + ve reaction, would help in deciding whether the
problem has anything to do with neutrino oscillations.
Last but not least, progress in the predictive power of the underlying
particle theory is urgently needed. Guidance as to the expected range of
neutrino mass and mixing angles would help reinforce the enthusiasm of
experimentalists. It would also help in integrating the problems of neutrino
mass and mixing into the broader context of the fundamental properties of
the constituents of matter.
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